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論 文 内 容 要 旨          
  Synthetic Aperture Radar (SAR) is a system that synthesizes a large aperture antenna 
from the antenna scanning to derive high resolution radar images. A large aperture antenna is 
needed in order to achieve high azimuth resolution of radar images. However, a large aperture 
antenna cannot be installed in a small location on platforms such as an airplane and a 
spacecraft. SAR systems solve this problem by using smaller antennas with wider beam, 
acquiring radar signal along a survey line and performing SAR processing to generate focused 
radar images. 
A SAR system has some strict requirements in order to produce high quality radar image. 
Consequently, the need for high resolution imaging by using radar increases the requirement 
for data density in the measurement. Conventional radar imaging requires the Nyquist 
criterion to be satisfied during the data acquisition. This results in long data acquisition time 
and a huge amount of data to be processed.  
An advancement in signal processing allows that the sampling can be directly performed 
during the data acquisition for signals having sparse representation in another domain. This 
new technology is known as Compressive Sensing (CS). The fundamental purpose of a SAR 
system is to image the target located in the imaging area. Therefore, if the target is small 
compared to the whole imaging area, the SAR imaging can be regarded as a sparse problem 
where the implementation of CS is highly suitable. By implementing CS algorithm to a SAR 
system, not only the cost of the data acquisition can be reduced, but the problem of 
non-gridded data can also be solved. CS based SAR systems can directly produce SAR images 
by using randomly acquired data, so there is no need to make the antenna move in a straight 
 
 
line and also no need to do interpolation to make a gridded data. 
The main purpose of the research presented in this thesis is to improve the 
implementation of Compressive Sensing (CS) for high resolution radar imaging, especially in 
GB-SAR and GPR imaging. Conventional focusing algorithms using Fourier based SAR 
processing which are usually based on matching filter, produce sidelobes around the target 
reflection which limit the resolution of the radar image. CS processing exploits the sparsity of 
the signal and thus gives higher resolution radar image, while using significantly reduced 
amount of measurements. 
Chapter 2 presents the fundamental knowledge required in this research. The basic theory 
of CS is explained. The limitation of CS is described from two basic requirements in 
implementing CS, i.e. the signal sparsity and the sampling incoherency. The implementation 
of CS for radar imaging is evaluated by GB-SAR experiments. The result confirms that CS can 
reconstruct higher resolution images with the lower signal to clutter ratio using a highly 
reduced measurement data. (Fig.1) 
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(b) 
Fig. 1. Reconstructed SAR image of a metal sphere from a GB-SAR experiment. (a) 
Conventional Fourier Based SAR Processing using 100% data. (b) CS result by convex 
programming using 1% data 
 
Chapter 3 investigates the implementation of CS for the imaging by using a 2D-scan 
GB-SAR (Ground Based SAR) system. The representation matrix formulation and the 
sampling procedure for this application are described. This chapter discusses the use of the 
convex programming to find solutions in CS problem. The results show that convex 
programming requires accurate noise parameter to acquire a good imaging result. However, in 
the real measurement, this information is usually not available and it is difficult to estimate 
correctly. The convex algorithm also requires long processing time which increases drastically 
with increasing number of data. Therefore, this algorithm is not suitable for the 
implementation on real time radar imaging. 
Chapter 4 discusses the CS implementation for radar imaging using a GPR system. 
Compared to the GB-SAR system, the implementation of CS to GPR (Ground Penetrating 
Radar) system is more challenging due to the high level of clutter in the GPR signal, the 
attenuation problem, ground surface reflections, and inaccurate estimation of the wave 
velocity in the medium. To improve the performance of CS based GPR imaging, a new data 
acquisition method is proposed. The main purpose of the proposed data acquisition method is 
to reduce the spatial sampling in the measurement. This approach is based on the 
consideration that acquiring full frequency information can be completed in a very short time, 
usually in the order of millisecond. Furthermore, for the imaging of shallow targets, the 
required unambiguous time interval is short, resulting in a small number of required 
frequency samples to measure. Another concern is that the full frequency information can be 
used for signal processing to reduce the unwanted components (e.g. ground surface reflection) 
better and to mitigate the attenuation problem in the signal. Moreover, the reduction of 
spatial sampling is considered more advantageous in reducing the data acquisition time in the 
measurement. 
In chapter 4, some CS algorithms based on greedy procedure are discussed. The greedy 
algorithm is based on iterations, it is shown that the greedy algorithm can find solutions with 
satisfying performance much faster compared to the convex programming. In this chapter, we 
also propose a modified CS algorithm based on Bayesian learning. This algorithm has only 
limited applicability for the detection and localization of a specific subsurface object with 
known size, because it needs a rough estimation of the sparsity level of the signal. The 
processing of experiment data shows that the proposed algorithm has a better and more stable 
performance with short processing time. 
Chapter 5 discusses the implementation of CS to landmine detection. It is presented in this 
chapter that conventional CS cannot reconstruct the perfect shape of the target as large as the 
landmine which has a size much larger than the resolution of the GPR system. This can cause 
difficulties in differentiating the reflection of a landmine from the reflection of other objects. It 
is also shown that conventional CS may reconstruct strong reflections in false areas where no 
target exists.  
A model based CS which works by exploiting the signal characteristic is proposed to 
improve the image reconstruction by CS especially for the landmine detection case. The 
landmine is modeled as a group of several pixels with high values. Several laboratory 
experiments are presented to evaluate the performance of the proposed algorithm. The results 
show that the model based CS can give more accurate image reconstruction compared to the 
conventional CS processing by Bayesian RVM algorithm (Fig.2). It is also shown that model 
based CS can still find solution even when multiple targets exist in the imaging area. However, 
in this thesis the proposed algorithm could not precisely differentiate the size of each reflector 
in the imaging area. This problem should be a direction for a further development of this 
research topic. 
Chapter 5 also presents the implementation of CS based imaging using a handheld GPR 
system. This handheld system is one of the examples of a suitable data acquisition method for 
the CS system, since this system directly acquires random and sparse data during the 
measurement.  
 
(a) 
 
(b) 
Fig. 2. Reconstructed landmine images from a random and sparse datasets acquired by the 
ALIS system in a real landmine field in Cambodia. (a) Conventional CS processing (Bayesian 
RVM algorithm) gives some false detected peaks and some high values pixels scattered around 
the location of the landmine. (b) Model based CS processing gives a compact reflection of the 
landmine in the correct position.  
 
This thesis has presents and analyzes the implementation of CS for SAR imaging, 
especially for GB-SAR and GPR application. The aim of this thesis is to improve the 
performance of the CS based SAR system which is conducted by optimizing the sample 
selection and improving the reconstruction algorithm. The major results of this thesis show 
some improvement in CS performance by the proposed techniques. However, the 
implementation of CS in the real world still faces many challenges, especially for GPR 
applications. Many assumptions are still used in this thesis, such as flat ground surface and 
homogeneous wave velocity in the medium. In the future, the implementation of CS for GPR 
measurements where this assumption is not valid should be considered for the applicability of 
CS system in the real implementation. 
 
（別紙） 
 
論文審査結果の要旨及びその担当者 
 
論文提出者氏名  Riafeni Karlina （リアフェーニ・カリーナ） 
論 文 題 目       E 
 Compressive Sensing Applied to High Resolution Imaging by Synthetic Aperture 
Radar 
(コンプレッシブ・センシングによる合成開口レーダの高分解能化 
論文審査担当者 
 主査        教授 佐藤源之  
           教授 高橋 弘          教授 廣瀬 明（東京大学） 
           教授 浅沼 宏                  
 
論文審査結果の要旨 
 
合成開口レーダ(SAR)は多数の位置で取得したレーダデータを計算処理して、対象物をイメージングする手法
である。衛星や地上設置型合成開口レーダ(GB-SAR)を利用して広域の植生環境を計測したり、地中レーダ(GPR)
で地下環境を計測するなどの応用がされている。本論文は合成開口レーダのイメージングに少ないデータから効
率的な逆解析を行うコンプレッシブ・センシング(CS)法のアルゴリズムを導入することで高分解能レーダ・イメ
ージングを行うことをめざした研究に関するものである。従来のレーダ・イメージングに用いられるアルゴリズ
ムはいずれもフーリエ変換を基にしているため、ナイキスト定理に基づくデータ・サンプリングの制約があるた
め、大量の観測データ取得を必要とする上、イメージング分解能に限界があった。CSは信号のSparsity（空疎性）
を利用し、こうした限界を打破する技術である。 
 
第2章では現状のCSの基礎についてまとめている。 
第3章では2次元走査のGB-SARで取得したデータをConvex法で処理し、3次元のイメージングを行った。
Convex法では、誤差評価の推定により解の不安定性が生じること、計算処理時間が長いことなどの問題がある
ことがわかった。 
第4章ではGPRデータへのCS法の適用を検討した。特にデータ取得の際の周波数・サンプリング位置の数
を軽減する手法を適用し、計測の高速化をめざした。その上で、本章ではGreedy法によるCS法の適用を検討
した。Greedy法は摂動法を用いており、Convex法に比べて格段に速く解を求められるが、対象物のおおよその
大きさを予め知ることで空疎性を与える必要がある。 
第5章ではCS法をGPRによる地雷検知に適用した。地雷とそれ以外の物体からの反射波を識別できないた
め、Convex法は使えないことがわかった。そこでModel based CS法の導入を提案した。Model based CS法は他
のCS法に比べて精度の高い推定が可能であることを示した。また本手法は複数の物体のイメージングも行える
ことがわかった反面、物体の大きさの推定に課題が残った。次に本章ではハンドヘルド型地雷検知センサALIS
で取得したデータにModel based CS法を適用し、精度の高いイメージングに成功した。 
 
 本論文では原理的な段階ではあるがクラッタの高いGPRのようなデータに対しても合成開口レーダ処理にCS
法を導入することにより、データ取得の高速化だけでなく、再構成イメージの高分解能化が図れることを実験的
に実証した点で学術的な意義が高い。従って本論文は合成開口レーダを用いた環境計測を効率的に行う上で有用
な指針を与えるものである。 
 
 よって，本論文は博士( 学術 )の学位論文として合格と認める。 
 
    
 
